MicroRNAs (miRNAs), small interfering RNAs (siRNAs), and piwi-interacting RNAs (piRNAs) impact numerous biological processes in eukaryotes. In addition to biogenesis, turnover contributes to the steady-state levels of small RNAs. One major factor that stabilizes miRNAs and siRNAs in plants as well as siRNAs and piRNAs in animals is 2 0 -O-methylation on the 3 0 terminal ribose by the methyltransferase HUA ENHANCER1 (HEN1) [1] [2] [3] [4] [5] [6] . Genetic studies with Arabidopsis, Drosophila, and zebrafish hen1 mutants show that 2 0 -O-methylation protects small RNAs from 3 0 -to-5 0 truncation and 3 0 uridylation, the addition of nontemplated nucleotides, predominantly uridine [2, 7, 8] . Uridylation is a widespread phenomenon that is not restricted to small RNAs in hen1 mutants and is often associated with their reduced accumulation ([7, 9, 10]; reviewed in [11] ). The enzymes responsible for 3 0 uridylation of small RNAs when they lack methylation in plants or animals have remained elusive. Here, we identify the Arabidopsis HEN1 SUPPRESSOR1 (HESO1) gene as responsible for small RNA uridylation in hen1 mutants. HESO1 exhibits terminal nucleotidyl transferase activity, prefers uridine as the substrate nucleotide, and is completely inhibited by 2 0 -O-methylation. We show that uridylation leads to miRNA degradation, and the degradation is most likely through an enzyme that is distinct from that causing the 3 0 truncation in hen1 mutants.
MicroRNAs (miRNAs), small interfering RNAs (siRNAs), and piwi-interacting RNAs (piRNAs) impact numerous biological processes in eukaryotes. In addition to biogenesis, turnover contributes to the steady-state levels of small RNAs. One major factor that stabilizes miRNAs and siRNAs in plants as well as siRNAs and piRNAs in animals is 2 0 -O-methylation on the 3 0 terminal ribose by the methyltransferase HUA ENHANCER1 (HEN1) [1] [2] [3] [4] [5] [6] . Genetic studies with Arabidopsis, Drosophila, and zebrafish hen1 mutants show that 2 0 -O-methylation protects small RNAs from 3 0 -to-5 0 truncation and 3 0 uridylation, the addition of nontemplated nucleotides, predominantly uridine [2, 7, 8] . Uridylation is a widespread phenomenon that is not restricted to small RNAs in hen1 mutants and is often associated with their reduced accumulation ( [7, 9, 10] ; reviewed in [11] ). The enzymes responsible for 3 0 uridylation of small RNAs when they lack methylation in plants or animals have remained elusive. Here, we identify the Arabidopsis HEN1 SUPPRESSOR1 (HESO1) gene as responsible for small RNA uridylation in hen1 mutants. HESO1 exhibits terminal nucleotidyl transferase activity, prefers uridine as the substrate nucleotide, and is completely inhibited by 2 0 -O-methylation. We show that uridylation leads to miRNA degradation, and the degradation is most likely through an enzyme that is distinct from that causing the 3 0 truncation in hen1 mutants.
Results and Discussion
Loss of Function in HESO1 Suppresses the Morphological Defects of a Partial Loss-of-Function hen1 Mutant We hypothesized that a terminal nucleotidyl transferase uridylates microRNAs (miRNAs) in Arabidopsis hen1 mutants and that uridylation serves as a signal to trigger miRNA degradation. Hence, we predicted that loss of function in this nucleotidyl transferase gene would lead to increased miRNA accumulation in hen1 mutants and may rescue the morphological phenotypes associated with reduced miRNA accumulation in hen1. To identify the nucleotidyl transferase, we first searched for Arabidopsis proteins with sequence similarities to known nucleotidyl transferases with uridylation activity such as the human TUT4 [12] , fission yeast cid-1 [13] , and Chlamydomonas MUT-68 [9] . Ten putative Arabidopsis nucleotidyl transferases of unknown biological function were identified. Next, we obtained T-DNA mutants in each of the ten putative nucleotidyl transferase genes and crossed each mutant with hen1-8, a partial loss-of-function hen1 mutant in the Col accession [14] , the same accession in which the nucleotidyl transferase mutants were generated. We found that only the mutation in At2g39740 (see Figures S1A and S1B available online) partially rescued the morphological phenotypes of hen1-8 ( Figure 1A ; Figure S1C ). Therefore, we named this gene HEN1 SUPPRESSOR1 (HESO1). The hen1-8 heso1-1 double mutant was larger and had better fertility than the hen1-8 single mutant ( Figure 1A ; Figure S1C ). To ensure that the heso1-1 mutation was solely responsible for the phenotypic rescue of hen1-8, we introduced a HESO1 genomic fragment fused in-frame to GFP (pHESO1:HESO1-GFP) into the hen1-8 heso1-1 double mutant. Many independent transgenic lines showed phenotypes that resembled hen1-8 mutants ( Figure S1C ), indicating that it was the heso1-1 mutation that suppressed the defects of hen1-8. Some transgenic lines showed phenotypes even more severe than hen1-8 mutants. It is possible that these lines had higher levels of HESO1 expression, which enhanced hen1-8 defects. Note that a second heso1 allele was isolated in a forward genetic screen as a suppressor of hen1-2 in the companion paper [15] .
Loss of Function in HESO1
Results in an Increase in miRNA Abundance Suppression of the morphological defects of hen1-8 by heso1-1 suggested that miRNA activities were partially rescued by heso1-1. One activity of plant miRNAs is the cleavage of their target transcripts to lead to their degradation. We examined the levels of four miRNA target transcripts in wild-type (WT), hen1-8, and hen1-8 heso1-1 by real-time RT-PCR. As expected, in hen1-8, these transcripts accumulated to higher levels as compared to WT ( Figure 1B ), due to the reduced levels of miRNAs [14] . Indeed, the increase in the transcript levels in hen1-8 was partially or fully rescued by heso1-1 ( Figure 1B ). Next, we tested whether the heso1-1 mutation resulted in higher abundance of miRNAs. Northern blotting was performed to detect miR166, miR167, and miR173 in WT, heso1-1, hen1-8, and hen1-8 heso1-1. Like other hen1 alleles [8] , the hen1-8 mutation resulted in both a reduction in miRNA levels and the accumulation of heterogeneous speciesbands corresponding to 3 0 truncated as well as 3 0 tailed species were present ( Figure 1C ). The heso1-1 mutation did not affect miRNA accumulation in the WT background, but it resulted in an obvious increase in the abundance of the heterogeneous miRNA species in the hen1-8 background ( Figure 1C ). The increase in miRNA levels in the double mutant was rescued by the pHESO1::HESO1-GFP transgene (Figure S1D ). For miR167 and miR173, it was also apparent that the increase in abundance was restricted to normal-sized species, 3 0 truncated species, or species with short tails (Figure 1C ). This suggested that 3 0 tailing was reduced in the hen1-8 heso1-1 double mutant relative to hen1-8.
Our previous studies show that mutations in RNA polymerase IV (Pol IV) subunit genes, NRPD1 and NRPD2, rescue the morphological, as well as miRNA accumulation, defects of a weak hen1 allele, hen1-2, which harbors the same molecular lesion as hen1-8 but is in the Landsberg accession [14] . Pol IV is a key factor in the biogenesis of a predominant class of endogenous small interfering RNAs (siRNAs), the 24 nucleotide (nt) siRNAs [16] [17] [18] [19] . As natural substrates of HEN1 [8] , the 24 nt siRNAs compete with miRNAs for methylation by the mutant HEN1-2 protein such that elimination of these siRNAs in nrpd1 or nrpd2 mutants allows miRNAs to gain methylation and thus increase in abundance in the hen1-2 background. With b-elimination followed by northern blotting [6] , miR165/ 166 and miR173 were found to be unmethylated in both hen1-8 and hen1-8 heso1-1 ( Figure S1E ). Therefore, unlike nrpd1 or nrpd2 mutations, the heso1-1 mutation led to an increase in miRNA accumulation without affecting their methylation status.
Loss of Function in HESO1 Results in Reduced 3
0 Uridylation without Affecting 3 0 Truncation Although northern blotting suggested that the heso1-1 mutation caused a reduction in 3 0 tailing, the concomitant increase in miRNA accumulation made it difficult to determine the degree of reduction in 3 0 tailing. To obtain a global and quantitative view of 3 0 modifications of miRNAs, we constructed small RNA libraries from WT, heso1-1, hen1-8, and hen1-8 heso1-1 and subjected them to deep sequencing. Two biological replicates were performed for each genotype. An algorithm was developed to classify reads corresponding to a known miRNA into four categories: full-length, 3 0 truncated only, 3 0 tailed only, and 3 0 truncated and tailed (see Supplemental Experimental Procedures).
We first focused on the status of 3 0 tailing of miRNAs. For each biological replicate, 44 miRNAs that were represented by at least 50 transcripts per million in all four libraries were included in the analysis. 3 0 tailing was quantified for each miRNA as a percentage of 3 0 tailed only reads + 3 0 truncated and tailed reads divided by total reads. In this analysis, the lengths of the tails were not taken into account-as long as the read had at least one nontemplated nucleotide, it was considered a tailed species. For each of the miRNAs, representatives of which are shown in Figure 2A (replicate 2) and Figure S2A (replicate 1), the percentage of tailed species was reduced in hen1-8 heso1-1 relative to hen1-8, indicating that HESO1 was partially responsible for 3 0 tailing in hen1-8. The heso1-1 mutation did not affect the tailing status of most miRNAs in the WT background, with the exception of miR319a, which showed higher levels of tailing relative to other miRNAs in WT (Figure 2A ; Figure S2A ).
We next examined the nature of the nontemplated nucleotides in the tails and the lengths of the tails. For each miRNA, all tailed reads (both full-length species with tails and 3 0 truncated species with tails) were categorized by tail length, and the frequencies of the four nucleotides in the tails were calculated. Although the tailing patterns differed to some extent among the miRNAs, two observations were obvious ( Figure 2B ; Figure S2B ). First, uridine was the predominant nucleotide of the tails in hen1-8 as previously reported for other hen1 alleles [8] . Second, there was a shift toward shorter tails in hen1-8 heso1-1 as compared to hen1-8. For miR166a and many other miRNAs, tails of 1 to 7 nt were found in hen1-8, but 1 nt tails were the most predominant in hen1-8 heso1-1 ( Figure 2B ; Figure S2B ). These results demonstrated that HESO1 was responsible for 3 0 uridylation of miRNAs in hen1.
We next examined the status of 3 0 truncation in relationship to 3 0 tailing by HESO1 for all 44 miRNAs abundantly represented in the libraries. We found similar results for nearly all miRNAs; ten representative miRNAs from the two biological replicates are shown in Figure 3 and Figure S3 . In WT and the heso1-1 single mutant, in which miRNA methylation was (B) Relative transcript levels from four miRNA target genes in the three genotypes as determined by real-time RT-PCR. The derepression of the genes in hen1-8, due to reduced miRNA accumulation, was fully or partially rescued by heso1-1. PHB, CUC2, SCL6, and SPL10 are targets of miR165/ 166, miR164, miR171, and miR156/157, respectively. The error bars represent SD calculated from three technical replicates. (C) The accumulation of three miRNAs in the four genotypes as determined by northern blotting. Note that 50 mg of total RNA was used for hen1-8 and hen1-8 heso1-1, whereas 5 mg of total RNA was used for Col and heso1-1.
unaffected, most miRNA reads belonged to the full-length category. In hen1-8, the lack of methylation led to an increase in truncated only, tailed only, and truncated and tailed species. In hen1-8 heso1-1, 3 0 tailing was greatly reduced, such that species with 0 or 1 nt tails were most abundant. Intriguingly, reads representing 3 0 truncation were largely unaffected by the heso1-1 mutation, which was inconsistent with the hypothesis that 3 0 uridylation triggers 3 0 truncation. Endogenous siRNAs are also 3 0 uridylated in hen1 mutants [8] . To determine whether HESO1 was responsible for the uridylation of 24 nt siRNAs, we focused on three abundantly represented 24 nt siRNAs (Table S1 ). All three siRNAs were truncated and tailed in hen1-8. In hen1-8 heso1-1, an obvious reduction in 3 0 tailing was observed, but 3 0 truncated species were still present ( Figure 3; Figure S3 ). Therefore, siRNAs and miRNAs were similarly affected by loss of function in HESO1.
HESO1 Exhibits Terminal Nucleotidyl Transferase Activity
The above genetic evidence suggested that HESO1 is responsible for 3 0 uridylation of unmethylated miRNAs and siRNAs in hen1 mutants. We sought biochemical evidence that HESO1 uridylated small RNAs with a recombinant His-HESO1 protein produced in E. coli. His-HESO1 was incubated with an RNA oligonucleotide corresponding to unmethylated miR173 that was radiolabeled at its 5 0 end. HESO1 was able to add a U tail to miR173 that lengthened with time and reached up to approximately 60 nt after 40 min of incubation ( Figure 4, lanes 1-6) . To rule out that the terminal nucleotidyl transferase activities were due to a contaminating protein from E. coli, we mutated two aspartate residues in His-HESO1 that are part of the metal binding pocket in the nucleotidyl transferase domain to alanine ( Figure S4 ). The mutant His-HESO1m protein was similarly purified and assayed for activity. The His-HESO1m protein was unable Small RNA reads corresponding to known miRNAs were categorized into four classes: full-length (class 1), tailed only (full-length reads plus tails) (class 2), truncated only (class 3), and truncated and tailed (class 4) (A) The proportion of tailed and untailed reads for ten miRNAs in hen1-8 and hen1-8 heso1-1. The proportions of tailed and untailed species were calculated as %(sum of classes 2 and 4 read numbers divided by total read number) and %(sum of classes 1 and 3 read numbers divided by total read number), respectively. Data from the second biological replicate were used for the calculations here. Similar results were obtained from biological replicate one ( Figure S2A ). (B) Tail length distribution and nucleotide frequencies in the tails of miR166a. All tailed miR166a reads (classes 2 and 4) were analyzed for frequencies of tail length. The proportions of miR166a species with tails of 1-7 nt are shown. Nucleotide frequencies (represented by the color codes) in the tails were calculated as % (number of a nucleotide in the tail divided by tail length).
to add a U tail to unmethylated miR173 ( Figure 4, lanes 13  and 14) . Next, we examined the enzymatic properties of HESO1. HESO1 was able to use ATP, CTP, or GTP, but the tail lengths with these nucleotides were much shorter than U tails, indicating that HESO1 preferred uridine (Figure 4, lanes 7-9) . When dATP was used in the reaction, only one nucleotide was added (Figure 4, lane 10) , suggesting that the 3 0 OH of The status of 3 0 truncation and/or 3 0 tailing for each small RNA is represented by a two-dimensional matrix in which the x axis represents the extents of 3 0 truncation and the y axis represents the extents of 3 0 tailing. The sizes of the circles indicate the relative abundance of the small RNA species. In hen1-8, both 3 0 truncation and 3 0 tailing occurred at a much higher frequency than in WT. In hen1-8 heso1-1, 3 0 tailing was drastically reduced, but 3 0 truncation was largely unaffected. Data from biological replicate two were used for the analysis here. Results from biological replicate one as well as results for more small RNAs from biological replicate two are shown in Figure S3 . the substrate RNA was the site of phosphodiester bond formation. More importantly, when 2 0 -O-methylated miR173 was incubated with HESO1 in the presence of UTP, no tailing was observed ( Figure 4, lanes 15-18) . This indicated that HESO1 activity was completely inhibited by 2 0 -O-methylation.
Conclusions
Genetic and biochemical evidence in this study supports HESO1 as the nucleotidyl transferase that uridylates miRNAs and siRNAs when they lack 2 0 -O-methylation. The large increase in miRNA abundance in hen1-8 heso1-1 versus hen1-8 demonstrates that uridylation leads to degradation. The fact that the heso1-1 mutation caused a large reduction in 3 0 uridylation without strong effects on 3 0 truncation suggests that 3 0 truncation observed in hen1 mutants is largely independent of 3 0 uridylation. Two implications from these observations are as follows: (1) uridylation triggers the degradation of small RNAs by a nuclease distinct from the one that causes 3 0 truncation, and (2) if the nuclease that degrades uridylated small RNAs is a 3 0 -to-5 0 exonuclease, then it should be highly processive such that few or no degradation intermediates (i.e., 3 0 truncated species) would be present in vivo. The lack of an effect on miRNA accumulation by heso1-1 in WT suggests that HESO1 may not be part of the normal small RNA degradation machinery. However, given the presence of other nucleotidyl transferase genes with potentially overlapping functions, a role of HESO1 in miRNA degradation in WT plants cannot be excluded. Although HESO1 activity is completely inhibited by 2 0 -O-methylation, it is possible that HESO1 acts cooperatively with SDN1, which truncates small RNAs [20] , or another nucleotidyl transferase that is not inhibited by 2 0 -O-methylation, to degrade miRNAs. The activities of these enzymes would generate unmethylated miRNAs on which HESO1 can uridylate. Figure S4 ), was incubated with the miRNA in the presence of various nucleotide triphosphates. Nucleotidyl transferase activity is represented by the presence of higher molecular weight bands relative to the input miRNA. The ''-'' signs indicate the absence of the nucleotide triphosphate, protein, or RNA oligonucleotide.
